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Abstract:  
   Principles of Frenkel's Theory of Sintering are presented in this paper. This theory 
represents the first physical theory of sintering, in which sintering takes place in two stages as 
a consequence of  "viscous" flow. 
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  Until the 1930's, sintering was defined as a technological process of obtaining 
sintered materials from powder systems. F.Sauervald (1931) published the first paper 
considering the problem of sintering from a scientific aspect. Afterwards, V.Trzebyatovski 
(1934) and M.Yu. Balshin gave a significant contribution to this theory. Much later, Balshin 
came to the conclusion that sintering means forming contacts between particles during heating 
of a dispersion system [1]. Besides that, he determined that during primary forming of 
contacts, processes of inter-particular recrystallization are the ones who have a leading role. 
According to Balshin a further increase of contacts during sintering is possible due to the 
migration of atoms. 
The first physical theory of sintering was established by Ya. I. Frankel in the paper: 
"Viscous flow of crystalline bodies under action of surface tension" [2] (fig. 1), in which the 
cause of sintering and its transferring force were defined as sufficient of Gibb's surface 
energy. 
From that results that solid materials have a similar flow to the flow of viscous 
liquids, at high temperatures. He literally stated: "Surface stress can cause viscous flow in 
crystal materials; and sintering of crystal materials can be explained by that phenomena." This 
flow occurs with an included diffusion mechanism representing directed transportation of a 
relatively low number of "vacancies". 
The process of flowing takes place in crystal materials in which empty spaces have a 
clearly defined character; they are vacancies situated in the bonds of the crystal lattice. The 
number of atomic vacancies increases with the increase of temperature, according to the 
relation: 
                                                        ,                                                  (1) 
kT U Ne N
/ ' − =
where N is the total number of bonds of the crystal lattice and U is the energy of the forming 
vacancies. 
The coefficient of auto-diffusion of crystal D is expressed with the coefficient of the 
________________ 
*)Corresponding author: risticm@itn.sanu.ac.yu M.M. Ristić et al./Science of Sintering, 38 (2006) 7-11 
___________________________________________________________________________ 
8  
 
diffusion of vacancies D', by formula: 
kT U e D D
N
N
D /
'
' ' − = = ,                   (2) 
and on the other hand: 
     kT U e D /
0
2 2
6 6
' ∆ − = =
τ
δ
τ
δ ,                 (3) 
where δ is the length between two neighbouring bonds of the lattice; τ is the average time of 
"staying" of vacancies in the same lattice bond; τ0  is the period of oscillation of atoms around 
equilibrium state and ∆U is the activation energy necessary for "jumping" from one bond to 
another. 
 
 
Fig. 1. First page of Frenkel’s original paper 
 
The coefficient of the auto-diffusion of crystals according to equations (2) and (3) is: 
 
kT W Ae D
/ − = ,        ( 4 )  
where:       and W o A τ δ 6 /
2 = U U ∆ + =  
Viscous flow of solid objects is characterized by the following equation, according to 
Ya. I. Frenkel:  
kt
Dσ
η
=
1
      ( 5 )  
Sintering, according to Ya. I. Frenkel, takes place in two stages. In the first stage, 
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surface between particles increases, which in the end results in forming pores in the system. 
In the second stage, the process of pores overrunning is taking place. That's when 
pores, representing an infinitely huge concentration of point-defects-vacancies, are decreasing 
due to diffusion through the material. 
The first stage of sintering can be represented as the joining of two liquid drops 
touching each other in one point at the beginning. After some time τ, the drops will touch each 
other along a circle with a radius of Y(t). 
 
 
Fig. 2. Frenkel’s model 
 
Ya. I. Frenkel assumed that remaining parts of both drops retain their spherical shape 
(fig. 2). In such a case the radius of the circle is  
     Y = a   s i n θ 
 where a is the radius of the spherical part of the drop, which is determined by the starting 
valve   from the constant volume condition:  o a
3 3 3
3
4
) cos cos 2 (
3
o a a
π
θ θ
π
= − +      (6) 
Decreasing of the free surface of both drops is equal to: 
) cos 1 ( 8
2 θ π + = − a S So      (7) 
Limiting to small values of the angle θ, with an accuracy to the second order of 
magnitude related to θ, results in: 
2 2 2 θ π o o a S S = −       ( 8 )  
From this results that the work of the force of surface stress in the starting stage by 
joining of both drops, related to the limit of time, can be expressed by the following equation: 
2
4
2
2 θ
σ π δ
dt
d
a
dt
dS
o = −     (9) 
where  
t
a η
σ
π
θ ⋅ =
2
3 2 . 
The area of the drops' connection increases with passing time in accordance with equation: 
t
a
Y
2 2
3 2 σ
π = .                      (10) 
Due to the fact that crystal grains, comprising the powder, have different shapes, there 
is no point of calculating the exact rate of their contraction. Because of that Ya. I. Frenkel 
limited his calculations to only marking the rate of sintering. 
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The time of total pore overrun in that case is: 
σ
η o a
t
3
4
= .       ( 1 2 )  
However, decreasing of the volume of pores will stop when the pressure becomes 
equal to the capillary pressure p= a / 2σ . In this way for the boundary value of the pore 
radius: 
σ 2
3
min
o oa p
a =                       (13) 
This can be achieved only if a pore is vacuumed. But, in real conditions, pores decrease as 
much as the module of elasticity permits it. 
The second stage of sintering of ultra-dispersed powder can be stopped because of the 
release of gas into the pore that absorbed powder. 
By developing the basic idea of Frenkel, B. Ya. Pines [3] came to the conclusion that 
kinetics of the process can be defined with the relation: 
D
kT a dt
da
3
2
2 δ σ
⋅ − = ,                     (14) 
where  δ - is the constant of the crystal lattice, D  - the constant of diffusion and k- is 
Bolzmann's constant. 
In this manner B.Ya. Pines defined the physical meaning of Frenkel's coefficient of 
viscosity, too: 
2
3 1
kTa
Dδ
η
=                      (15) 
When it comes to the ideal porous system and when pores are spherical and have the 
same radius, and they also are located at distances  >>a from one another, in accordance 
with B. Ya. Pines sintering can be defined as: 
i R
Dt
kT
N
V
V
o
3
8
δ
πσ =
∆                    (16) 
where 
o V
V ∆
 is shrinkage and t is time. 
Research of B. Ya. Pines [3,4] and G. C. Kuczynski [5] represents a new contribution 
to the science of sintering and are objectively founded on the basic idea of Ya. I. Frenkel. 
Pines named vacancies - "atoms of emptiness", and based on that he defined pores as an 
assembly of a huge number of vacancies. During sintering, "evaporation of pores" happens 
within the crystal. 
Kuczyunski, however, studied possible elementary processes taking place at the 
contact between two spherical particles. He predicted that the possibility of mass-transfer, 
during sintering, can be performed by other mechanisms too (for example by evaporation and 
condensation) and thus he improved Frenkel's basic postulate. 
  Considering all that has been published about sintering from Frenkel until this very 
day, development of the theory of sintering is obviously the direct consequence of the 
development of solid-state physics. Frenkel's theory of sintering was based on his original 
understanding of mass-transfer in the solid state. His theory of self-diffusion is a base for 
contemporary comprehending of mass-transfer. Pines' theoretical research of the sintering 
process is based on Frenkel's model of mass-transfer in the solid state showing that self-
diffusion and diffusion in the solid state are generally responsible for the process of sintering. M.M. Ristić et al./Science of Sintering, 38 (2006) 7-11 
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A great number of authors have attempted to explain the process of sintering of real 
materials with the model of two spheres. That attempt shows that solving of real problems 
uses simplifications, which can only approximately can processes in real systems. Due to that 
it isn't appropriate to apply the model of two spheres for sintering of real powders. 
Also, the use of this model for sintering of real powder systems cannot result in a 
conclusion about the mechanism of the process of sintering. It is a fact that phenomenological 
theories of sintering, sometimes, have more significant practical meaning than idealized 
physics of sintering [6,7,8]. 
The entire problem can be solved fundamentally, only by considering the structure 
hierarchy of real systems and the configuration model of solid state by G. V. Samsonov [9], 
and considering the fact that the electronic structure defines structural conditions of the solid 
state of a material. Due to that, a fundamental solution of problem of sintering is in the usage 
of the electronic theory of the composition of solid states for an explanation of processes 
taking place during solid state sintering. 
 
 
Conclusion 
 
Sintering, according to Ya. I. Frenkel takes place due to viscous flow under the 
influence of surface stress. In the first stage the surface of the contact region between 
neigbouring particles is increases, until the pores between them are completely separated. In  
the second stage the pores are overrun. 
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Садржај: Изложени су принципи Френкељеве теорије синтеровања. Она објективно 
представља прву физичку теорију синтеровања у којој је показано да се синтеровање 
одиграва у два стадијума, као последица ''вискозног'' течења. 
Кључне речи: Синтеровање, вискозни ток.  